Valence-band mixing effects on the dynamics of the heavy-and light-hole oscillations in coupled quantum wells are described by a numerical implementation using the time-dependent Schrodinger equation with the Luttinger Hamiltonian. With a nonzero in-plane wave vector (k~I@0), mixing tunneling (between heavy-and light-hole states) and spatial tunneling (from one well to the other) occur at the same time. This time-dependent analysis clearly resolves these two tunneling mechanisms and shows several effects which have not been addressed by previous time-independent analysis.
Recently, there has been considerable interest in the investigation of the tunneling effects in the coupled quantum-well structures that consist of two quantum wells located sufficiently close together. ' ' Electron spatial oscillations via coherent tunneling through a classically impenetrable thin barrier in a very short period of time have bee reported. ' The emission of an electromagnetic wave due to this spatial oscillation has been observed.
In addition, the application of the timedevelopment operator according to the time-dependent Schrodinger equation has been used to describe the oscillation frequency and oscillation amplitude associated with these tunneling mechanisms. ' In the case of the hole tunneling in the coupled quantum wells, the tunneling mechanisms are significantly complicated due to band-mixing effects. ' Two possible mechanisms, spatial tunneling (from one well to the other) and mixing tunneling (between heavy-and lighthole states), are involved in the process. An illustration is given io Fig. 1 . Leo et where Pz(x, 0), i =1, 2, denotes the heavy-hole or lighthole eigenfunctions in the second well, and P'&(x, t) denotes the heavy-hole or light-hole wave functions in the first we11. In the beginning the wave packet is mainly located in the first well, and P(t) is small. When the wave packet has left the first well and tunnels into the second well, the P(t) approaches 1. Figure 3 shows the tunneling probability P(t) for the heavy-and light-hole wave hole and light hole in the 25-15-25 A quantum wells. The initial wave function is the eigenfunction of the first well. In Fig. 2 , the heavy-hole wave packet tunnels from the first well to the second well during around the first 252 fsec. However, as time increases, the wave packet tunnels back to the first well. As shown, a larger portion of the wave packet is involved in this tunneling process.
The arrows in the figures indicate the oscillation of the wave packet. Since there is no mixing (k~~= 0), the only factor that differentiates the tunneling processes of the heavy and light holes is the effective mass. The lighter the particle is, the faster the tunneling process should be. Thus, it takes a much shorter time for the light-hole wave packet to reach the peak in the second well and then to tunnel back. analysis light-to the heavy-hole mixing tunneling is found to be more effective than heavy-to light-hole mixing tunneling, and induces a significant spatial heavy-hole tunneling. The mixing tunneling, which has a higher oscillation frequency, also modulates the spatial tunneling.
In addition, the band-mixing effects seem to slow down the spatial tunneling process for both pure heavy-and light-hole wave functions.
